We show that a Fabry-Perot-like tunneling cantilever consisting of two parallel thin metallic cantilevers joined at their free ends is able to sense the power of an incoming terahertz ͑THz͒ field. An array of such microstructures, with linearly varying distances between the two parallel cantilevers, can measure simultaneously the power and frequency of the THz field in the bandwidth 1.2-58 THz.
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The terahertz frequency region ͑0. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] THz͒ is situated at the boundary between electronics ͑millimeter and submillimeter waves͒ and photonics ͑far infrared͒. Present, there is increased interest for this frequency range due to its promising applications in the spectroscopy of solids, 1 communications, 2 the monitoring of environment and pollution control, 3 imaging, and medical treatments. 3, 4 However, there is still a lack of good radiative sources in the THz range, and the THz signal detection remains difficult due to the high level of blackbody radiation that is overcome by using helium-cooled bolometers.
cw THz fields are produced through electronic or optical means. For example, CO 2 -pumped methanol lasers 5, 6 generate powers of 10-40 mW in the range 1-3 THz while semiconductor multipliers can produce few mW in the same range of frequencies. 7 A more complex THz source is the free-electron laser that generates quasi-cw signals in the range f ϭ0.12-4.8 THz with a power between 500 W and 5 kW. 8 Transient THz fields are generated optically through photoconductive or optical rectification processes in semiconductors by excitation with ultrashort optical pulses ͑for a recent review see Refs. 1 and 3͒, or electronically using nonlinear transmission lines. 9, 10 The present trend in the search of THz sources and detectors is to use nanostructures to build THz quantum cascade lasers 11 and mesoscopic detectors, 12 which can be integrated with passive components such as couplers, filters, or antennas realized by the micromachining technique. This technique is the only method in the THz frequency that allows the fabrication of small passive devices with high precision degree. 13, 14 Since field characterization devices in the THz range are a rarity, the aim of this letter is to show that an array of micromachined nanosized Fabry-Perot-like cantilevers can be used to sense simultaneously the power and the frequency of the THz field. Despite its immediate need, such a device, based on the electromagnetic actuation of micromachined cantilevers that was previously described in the case of optical fields, 15 is an absolute novelty in the THz range. It is worth mentioning that, very recently, the optical actuation of cantilevers was experimentally demonstrated. 16 Due to the much longer wavelengths encountered in the THz range, the micromachined devices based on light pressure actuation of cantilevers that are able to sense simultaneously power and wavelength 17 or amplitude and phase 18 cannot be scaled to the THz range. The reason is that we should have both ͑i͒ a small thickness t ͑in order to have a high cantilever deflection͒ and ͑ii͒ the product t f /c, where f is the frequency of the electromagnetic field and c is the speed of light, must be of the order of unity to have a high reflectivity of the field incident on the cantilever. Since the thickness of the cantilever cannot be increased above some tens of nanometers the product t f /c is much smaller than 1 in the THz range. To meet both conditions ͑i͒ and ͑ii͒, a completely new concept has been designed which introduces an effective field propagating region of the order of 1/f , still maintaining a small t. The device that is a combination of a cantilever and a Fabry-Perot resonator is schematically represented in Fig. 1 . The THz field bends the entire microstructure producing an additional tunneling current, which flows between the tip and the contact below. Since the tunneling current is exponentially dependent on the cantilever deflection, even small deflections produce a large change in the current ͑greater than an order of magnitude for a deflection of about 1 Å͒. The movement of the entire microstructure is described by the same equation as that for a usual cantilever:
APPLIED PHYSICS LETTERS VOLUME 79, NUMBER 5 30 JULY 2001 where E is the elasticity modulus and M (x) the total moment at the position x. The difference is that the moment of inertia I becomes now Wt 3 /6ϩWth 2 instead of Wt 3 /12 for a simple cantilever with width W.
A THz field that excites uniformly the microstructure presented in Fig. 1 will deflect it with the amount:
where R is the reflectivity of the entire microstructure, P the incident power, and L the length of the arm of the FabryPerot-like cantilever. This deflection increases the tunneling current between the tip and the contact with a factor exp͓2(2m 0 )
1/2 ␦/ប͔Хexp͓1.024 1/2 ␦͔, where in the last expression is the tunneling barrier height expressed in eV and ␦ is expressed in Å ͑m 0 is the free electron mass͒. The required minimum deflection that overcomes the thermal noise is 0.4 Å. 19 To have a large deflection ␦ it is necessary to have a large L, a small t and a small W. The reflectivity of the microstructure is given by 20 
Rϭ
4R 0 sin
where R 0 is the reflectivity of one arm of the microstructure, i.e., of a slab with a thickness t. A large R 0 can be attained if this arm is metallic whereas a large R implies additionally a high h. If the incident light is normal to the microstructure-as supposed in our proposal-the reflectivity ͑and hence the deflection͒ is independent on the polarization of light; otherwise polarization effects should be considered. The power P is not the power emitted by the THz source, P s , but is the fraction of this power incident on the Fabry-Perot-like cantilever, i.e., Pϭ P s A c /A f , where A c ϭLW is the cantilever area and A c the focalization area. Considering for example P s ϭ15 mW, we can focus it on an area 3 of 3ϫ0.3 mm 2 , so that on a cantilever with L ϭ3 mm, Wϭ0.1 m, tϭ0.01 m, hϭ8 m, R 0 ϭ0.9, the incident power is Pϭ5 W. This power produces a deflection of about ␦ϭ140 Å at a frequency of 1.5 THz for a structure made of gold with Eϭ80 GPa. We must indicate that metallic wires with such a thickness are in the technological reach. 21 Recently, it was demonstrated that largescale silver nanowires can be grown in the pores of silica gel. 22 Although the length of the device seems at first to be too long, we must state that the device is not a simple cantilever, but a microstructure with a much higher inertia. Therefore, under the action of its own weight, the deflection of the entire microstructure is 23 ϭqL 4 g/8EI, where q is the mass per unit length and gϭ9.8 m/s 2 . is ϳ45 nm for our device compared to 350 mm for a simple cantilever with the same dimensions as an arm of the Fabry-Perot-like cantilever structure. Obviously, with such an arrow a simple cantilever will break under the action of its own weight. This example shows that our proposed device can measure the power incident on the cantilever in the frequency and power ranges available in the THz region. Practically, the incoming THz power is determined measuring the variation of the tunneling current that is produced by the deflection ␦.
Since the deflection is proportional to the incident power and the measured tunneling current depends exponentially on the deflection, we have IϭI 0 exp(KP), with I 0 determined by the applied bias and by the distance between the FabryPerot-like cantilever and the metallic tip. A device sensibility independent on the biasing conditions can be defined as
RL
3 /(3cEIប), sensibility which is independent on the incident power, and which has the value 28.8 W Ϫ1 for the Fabry-Perot-like cantilever in the example above.
To measure the wavelength an array of such FabryPerot-like cantilevers is needed for which h varies linearly along the array. For an array of N cantilevers along the z direction and separated by dW, the distance between the arms of the jth Fabry-Perot-like cantilever is h j ϭh 0 ϩA͓( jϪ1) ϫ(WϩdW)ϩW/2͔, jϭ1,2,...N with A, h 0 constant parameters. Since the total reflection coefficient is periodic with h taking maximum values at h j ϭ(2mϩ1)c/4f and minimum values at h j ϭmc/2 f , the frequency of the THz source can be determined monitoring the position in the array for which the reflection coefficient is minimum and/or maximum ͑in simple metallic cantilevers the reflectivity does not depend on its thickness͒. It is possible that the two above conditions on h j are not satisfied along the cantilever array. Then, the relative maximum or minimum values of the reflection coefficient can be determined for a value of h j between (h jϪ1 ϩh j )/2 and (h j ϩh jϩ1 )/2. The monitoring procedure consists in the measurement of the tunneling current in each cantilever. The deflection along an array of Nϭ100 cantilevers, with the same dimensions as previously and dW ϭ0.5 m, h 0 ϭ8 m, and Aϭ2.15, is represented in Fig. 2 at f ϭ10 THz, where the distance z is normalized to the maximum distance along the cantilever array z max ϭNW ϩ(NϪ1)dW. In this figure it is assumed that the z variation of the h parameter is continuous, but a discrete variation corresponds to the reality. Our representation however gives a more intuitive picture of the physical principle on which our device is based. The distance between adjacent minima or maxima of the deflection along the array depends on the frequency. For a more precise determination of the frequency, the distance along the cantilever array between the minimum and maximum deflection should be as large as possible; in particular, these positions of minimum and/or maximum deflection, j and k, respectively, should not be adjacent, i.e., should be separated by other minima or maxima. As discussed in more detail in Ref. 17 , the maximum frequency that can be determined with the device proposed in this letter is given by and is independent of N. At f max , adjacent Fabry-Perot-like cantilevers are deflected with minimum and maximum values, respectively. The minimum frequency is given by the situation when the reflection coefficient along the array has a maximum value at the array's end and a minimum along the cantilever array. The minimum frequency is N dependent and is determined numerically from the conditions:
For the array described above the minimum frequency determined such that the deflection of the last cantilever in the array ͑with the highest h value͒ is larger than 0.4 Å, is 1.2 THz ͑the deflection of the last cantilever in this case is 0.5 Å͒. For this array, according to Eq. ͑4͒, the maximum frequency is 58 THz. The minimum frequency can be lowered by increasing the length of the cantilevers or by still decreasing t ͑the smallest reported value is of 6 nm͒. The resolution is defined by
where h j and h k are h values corresponding to two maxima and/or minima of the reflection coefficient/deflection. The finite resolution is due to the fact that the minimum as well as the maximum deflection may not correspond to the position of a cantilever, but to an h value between that of two adjacent cantilevers; this possibility defines the error of the device. As seen in Fig. 2 and as explained detailed in Ref. 17 the resolution is higher towards the higher frequency side of the spectral interval. For example, for f ϭ10 THz, the first minimum deflection is observed at the sixth cantilever, the last minimum occurring on the last cantilever in the array ͑see Fig. 2͒ . Therefore, the resolution for this frequency is 2.1ϫ10 Ϫ2 . We would like to mention that the resolution defined in Eq. ͑6͒ is the minimum possible resolution, defined only with respect to the extreme values of the reflection/ deviations. Since the analytical expressions for the deviations along the cantilever array are known, it is possible to fit the experimental z-dependent deviations with the theory, obtaining a much higher resolution for the device; this implies considering all deviations and not only the extreme ones.
In conclusion, it is shown that an array of Fabry-Perotlike cantilevers senses simultaneously the power and the frequency of an incoming THz field in the frequency range 1.2-58 THz. This device can have important applications in the emerging THz technology.
